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RESEARCH MEMORANDUM

EXPERTMENTAL INVESTIGATION OF AIR-COOLED TURBINE BLADES IN
TURBOJET ENGINE
XITI - ENDURANCE EVALUATION OF SEVERAL PROTECTIVE COATINGS
APPLIED TO TURBINE BLADES OF NONSTRATEGIC STEELS

By Edwerd R. Bartoo and John L. Clure

SUMMARY

Durabilities of several protective coatings applied to air-cooled
gas turbine rotor blades of nonstrategic steels (SAE 4130 and Timken
17-22A(S)) were investigated in modified turbojet engines. Four types
of coatings, ceramic, nickel, Nierobraz, and aluminized (diffused alu-
minum), were applied to a total of 20 blades. Coatings were endurance-
tested for extended perlods at the maximum rated speed and turbine inlet
temperature of the engine used. Continuous operation at these conditions
is limited to half-hour periods in service.

Cersmic, aluminized, Nicrobraz, and a conbination of nickel and
Nicrobraz coatings each provided satisfactory corrosion and erosion
protection to at least one blade for 100 hours with ratios of cooling-
air to combustion-gas flow between 0.030 and 0.048. Aluminizing gave
excellent protection, while one ceramic coating provided excellent pro-
tection and demonstrated the abllity to prevent corrosion even though
the coating was severely chipped. Chemically deposited nickel gave
adequate protection in the cooler midchord regions of the blade. Nickel
over a Nicrobraz undercoating gave excellent protection over the most
difficult of all regions, that i1s, the leading edge. Nicrobraz pro-
vided excellent protection over the entire blade.

TNTRODUCTION
Turbine cooling research being conducted by the NACA ILewls labora-
tory includes work directed towerd the development of air-cooled turbine

rotor blades of nonstrategic metals that cen be operated in turbojet
engines at present-day or slightly higher gas-temperature levels. The
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cooling effectiveness of each of a varlety of alr-cooled turbine blades
hasg been Investlgated in turboJet englnes that were modified to accormo-
date elther two or four alr-cooled blades (refs. 1 to 7). These inves-
tigatlions Iindlcated that blades of nonstrateglc metals can be cooled
guffliclently at ratlos of coolant flow to combustion-gas flow of .0.02
to 0.05 to make thelr use feasible at present~day operating conditions.
Endurance running of 12 blades of SAE 4130 or Timken 17-22A(S) steels
(roughly 97 and 96 percent iron, respectively)(ref. 8) showed these
blades to be capable of extended operation at current gas temperaturs
levels. However, corroslon of the blads shell became evident wlthin

S hours end limlted experimental blade life to roughly 50 hours at max-
imum engine speed and gas temperature, thus emphasizing the need for
the inhlbltlion of corrosion.

Preliminary endurance investigations in a turbojet engine of nickel . ..

and ceramic coatings on blades of nonstrategic metals (ref. 9) indicated
that nickel provided adequate corrosion protection over the major portions
of such blades for about 25 hours at rated maximum turbine speed and inlet
gas temperature but would not protect the leading edge for more than

10 hours. The two ceramic coetlings investigated did not provide protec-

tion for even 5 hours. = =

This report concerns itself with the endurance testing of four prom-

ir
i

iging types of corrosion-resistant coatings. Ceramic, nickel, aluminized,

and Nicrobraz coatings were applied to blade shells of either SAE 4130 or
Timken l7-22A(S) steel and a total of 20 blades was run at the maximum
rated engine speed of 11,500 rpm (1300 ft/sec tip speed) with a constant
turbine inlet temperature of approximately 1670° F. The ratio of coolent
flow to combustion-gas flow per blade (hereinafter called coolant-flow
ratio) was meintained constant, usuelly at 0.048, although, in a few
cases, flow ratios of 0,038 and 0.030 were used.

The goal of the endurance tests was erbitrarily set at 100 hours at
meximum rated conditions in view of the lack of any standerd test for
coated blade life. In normal flight service, the engine may not be sub-
Jected continuously to maximum rated speed (and its attendant gas tem-
perature) for more than 30 minutes at a time.

For convenience, the results of the previous preliminery investi-

gation of nine coated nonstrategic blades (ref 9) are summarized in
this report. - -

y
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Acknowledgement is made of the cooperation received from the Cali-
fornie Metal Enameling Company, The Calorilzing Company, the Ferro Cor-
poration, the Research Leboratories Division of General Motors Corpora-
tion, and the Soler Aircraft Company in the application of various types
of coatings to the air-cooled turbine bledes.

COATINGS
General Requirements

A protective coating for application to air-cooled nonstrategic
turbine blades must be able to withstand the corrosive and erosive
action of the high-temperature, high-velocity combustion-gas stream to
which the blades are subjected in a turbojet engine. Any protective
coating applled to such a blade must adhere well to the blade when
operating at high temperatures under the influence of high centrifugal
forces. The coating must be able to withstand the thermal shocks to
which the turbine blade is subjected during the starting and stopping
of the engine and the rapid changes in blade temperature that may occur
during other transient conditions that are incident to normal engine
operation. The coefficient of thermal expansion of the coating must be
sufficiently close to that of the blade metal over a range of tempera-
tures to prevent spalling and flaking of the coating. The coating must
have sufficient ductility to wlthstand the vibration and the elongetion
of the turbine blade that occur during engine operation. The coating
should be capable of withstanding normal handiing. Its presence on the
blade surface should not seriously affect the tensile or fatigue strength
of the blade shell. Its appllcation should not adversely affect or
restrict the heat-treatment procedures that are required to develop the
necessary physical properties of the blade metal. It is also desirable
that the coating protect the walls of the coolant passages as well as
the outer surface of the blade.

Although the metal shell of an air-cooled turbine blade is con-
slderably cooler than the combustion gas, the temperature level is still
relatively high. Experimental chordwise temperature distributions in
the shells of air-cooled turbine blades of profiles A and B (see fig. 1)
for coolant-flow ratios of 0.05 and 0.03 are shown in figure 2. Although
these temperature distributlons were obtained for specific air-cooled
blades operating in a particular turboJet engine, they are indicative
of the temperature levels at which metals and coatings for forced-
convection air-cooled turbine blades might operate in present-day turbo-
jet engines. It may be seen that leading and trailing edges operate at
temperatures as high as 1200° F, while the midchord regions are 200° %o
300° F cooler.

o 4
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Tue blade temperatures shown in figure 2 for profile B are somewhat o
higher then those reported in reference 9 for the same profile. The e
values of figure 2-are based on more comprehensive experimental data.. R

Types of Coatings _ - __:_:,_:

In this investigation, nonstrategic air-cooled turbine blades were
coated with ceramics, nickel, or Nicrobraz while others were aluminized.
A brief summary of the reasons for selecting these coatings for applica-
tion to cooled turbine blades and of the general procedures involved in_
applying the coatings is given in the following paragraphs.

Ceramic coatings. - The successful use of ceramic coatings to
inhibit corrosion in numerous high-temperature applications in order to ) -
prolong life and/or to reduce the strateglc metal content led to the .
consideration of such coatings for ailr-cooled nonstrateglc turbine blades. '

In addition to the general requirements outlined previously, a _
ceramic coating should be as thin as practical in order to keep the shear
stresses at the bonding surface to a minimum and to obtain improved .
resistance to thermal shock. Thin coatings also show less susceptibil- =
ity to chipping through mishandling (ref. 10).

— _ »

In preparing ceramics for coatings, the proper proportions of B o =
materials (generally metal oxides and fluxing agents) are fused and - T TR
quenched in water. The resulting substances, along with additions made
to control certain physical propertiles, are ground in liquid (usually
water) and applied to the metal surfaces by spraying or dipping. The
coating, which may be as thin as 0.001 to 0.002 inch, is dried at 200° _
to 250° F and then fired. Firing temperatures vary widely; at the higher
temperatures metallurgical effects upon the metal being coated must be =
considered when stress-rupture properties are Ilmportant. Coating the . =
interior surfaces of restricted regions with ceramic presents difficul- .
ties which must be considered carefully, perticularly in cases such as R
the blades of the present investigation where blockage of the cooling- T

alr passages 1s Intolerable.

Nickel coatings. - For many years ferrous metals have been success-
fully protected from corrosion by plating with various corrosion- o
resistant metals such as nickel, chromium, silver, and cadmium. The R
plating material used depends greatly upon the enviromment and service.. - = 7T7=
to which the plated part will be exposed. Of the more corrosion-
resistant metals, nickel 1s one of the most common applied to steel and
appears to be well suited for use on turbine blades. For applying nickel e
coatings to the experimental blades, chemical deposition was selected in B
preference to electroplating for two reasons: first, electroplating .
willl not coat the inner heat-transfer surfaces of the blades, and . a2

i, il
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second, setting up equipment to coat small numbers of blades is simpler
for the chemical process. The hardness of chemically deposited nickel
is greater than that of electrodeposited nickel. As applied, the
chemically deposited nickel is brittle but upon heating becomes ductile
and, at the same time, increases in hardness (ref. 11).

The chemical deposition method involves dipping the blade in an
acid solution containing nickel chloride or nickel sulfate and other
chemicals. Table I summarizes the composltion of the two acid-nickel
baths used in plating blades for this investigation. The solution is
generally maintained in the temperature range of 150° to 200° F. The
relatively low temperature of the solution in no way lanfluences the heat
treatment that may have been given the blade prilor to the plating pro-
cess. The time required to form a coating 0.001 to 0.0015 inch thick
is of the order of 1 to 4 hours. Reference 11 gilves a detailled account
of the methods and procedures involved in applying chemically deposited
nickel to steel.

Nicrobraz coatings. - Nicrobraz is the trade name of a commerical
brazing compound composed of about 72.3 percent nickel, 15 percent
chromium, 3.75 percent boron, 4.5 percent silicon, 4.0 percent iron,

‘and 0.45 percent carbon. It produces a hard, corrosion-resistant coat-

ing when fused and cooled. TIits successful use in brazing the blade shell
to the base and the observation of its subsequent behavior in service led
to its triel as a coating.

In order to coat & steel surface, Nicrobraz in powder form may be
suspended in a 10 percent calcium chloride solution, brushed on the
surface, and allowed to dry. When heated in a dry hydrogen atmosphere
to a temperature of sbout 2075° F, the Nicrobraz will fuse to the sur-
fece to form a hard continuous layer.

Aluminized coatings. - Aluminum coatings have been used for meny
years to protect low alloy steels from corrosion (ref. 12, pp. 703-704
and ref. 13, pp. 704-705). The aluminum may be either in the form of
a coating of the pure metal or as an alloyed aluminum-iron layer vary-
ing from a few thousandths of an inch to more than 0.050 inch in thick-
ness. This method of protection is known as aluminizing. Usually
aluminized parts are limited to operating temperatures of sbout 1500° F,
but short-time service up to 1750° F has been obtailned (ref. 12).

There are two general methods by which steels are aluminized,
namely, the "pack" process and the "dip" process. Both these processes
were used to aluminize turbine blades for thls investigation. The impor-
tant features of each method are summarized in the following paragraphs.

Pack process: In the pack process the part to be aluminized is
packed in & box containing powdered aluminum and a small amount of

_:. ~
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smponiuvm chloride. The box is then sealed gastight and heated to a tem-
perature of 1500° to 1800° F for sbout 6 to 24 .hours. This process
impregnates the surface layer of the metal with aluminum and slso imparts
a heat treatment to the parent metal. The tempersture-time relation for
the aluminizing process depends upon the sgilze of the part and the amount .
of aluminum penetration desired. The depth of aluminum penetration can .
be varied as deslred; velues usually range from 0.005 to 0.040 inch. The
surface layer of iron-alumlnum alloy usually conteins about 25 percent
aluminum, which resulis in good resistance to .heat and corrosion and also
exhibits good toughness and ductllity characteristics. A more detailed
sccount of the pack process is given in reference 12.

Dip process: In the dip process the part to be gluminized is -
cleaned, dipped in molten sluminum for & controlled time, and, if desired,
sultably heat treated to permit diffusion of the aluminum into the steel.
For parts that are to operate at temperatures exceeding 1000° F the time -
and temperature of the aluminum dip must be closely controlled (ref. 14).

Dip temperatures are of the order of 1300° F and dip periods range from _.

15 seconds to 6 minutes (ref. 14). The iron-aluminum alloy formed during
the immersion of the steel in molten aluminum is extremely hard and
brittle and contains about 55 percent eluminum. In order. to develop a
gsurface layer that is softer and less brittle and that resists spalling
and cracking, a diffusion heat treatment is given after the dipping. The
diffusion heat treatment i1s carried out at a temperature of about 1800° F
for times verying from 1 to 6 hours. The exact diffusion heat-treatment _
time required depends upon the chemical content of the steel and the
dipping time in the molten aluminum. Reference 14 describes a patented
commerical aluminum-dip process. -

Both the pack prdcess and the dip process; involve heating of the
aluminized part for extended periods of time at temperatures of 1500°
to 1800° F, which mey adversely affect the physical propertiles of the .
parent metal for turbine blade application. The interior surfaces of
the blade may be aluminized by either process.: -

APPARATUS AND INSTRUMENTATION
Preparation of Coated Air-Cooled Blades

Blade constructlon. - All the coated alr-cooled turbine blades
reported herein were of the shell-supported type where the load is -
cerriled by the blade shell. The span was 4 inches and the chord, approx-

A1l the blades were nontwisted except blade 4, which .

was glven a twist to epproximate that of the uncooled blades. The shells
of all blades except blade 1 were formed by contour pressing seamless
tapered-wall tubes into the desired airfoll shape; blade 1 was cast:

imately l% inches.

The
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shell material used in these blades was either SAE 4130 or Timken
17-22A(S) steel. These steels were selected because stress-rupture data
for the metal temperature range in which these alr-cooled blades were to
operate indicated that these metals Were best suited of the readily avail-
able nonstrategic steels. All the blade bases were made of cast SAE 4130
steel. Teble IT indicates the shell material of each blade.

The internsl heat-transfer areas of all blades were increased by
brazing mild steel tubes to the inner surfaces of the shells, as shown
in figure 1. Copper was used as a braze material for all blades except
numbers 26 through 29; Nicrobraz was substltuted in these blades because
copper would be attacked by molten aluminum during the aluminizing
process.

Blade fabrication procedures are discussed in detall in reference 15.

The three blade profiles used in this investigation are shown in
Tigure 1. The root profiles are the same as the tip, except for a slight
change in the outside contour because of the tspered wall of the shell.
Profiles A and B (figs. 1(a) and 1(b), respectively) were obtained by
forming the shells, and profile C (fig. 1(c)) was obtained by casting.
Profiles A and C are essentially the same and are nearly equivalent to
the root profile of the standard uncooled turbine blade used in the test
engine. Profile B was an airfoll section which was designed to operate
in a completely air-cooled turbine rotor with twisted stator blades.
Teble IT indicates the profile of each blade. The various blades used
were selected because they were readily avallable from other investiga-
tions and thereby reduced the time required to prepare for the coating
investigation.

Blade coatings and heat treatments. - The coatings and heat treat-
ments epplied to the Individual experimental bledes follow. Heat tresat-
ments were selected on the basis of avallable data to obtain the best
stress-rupture properties of the metal used and were modified as addi-
tional data and operatling experience were gained.

Ceramic-coated blades: Five experimental blades were ceramic coated
for this investigation by commercial concerns; the compositions of the
coatings and the detalils of their epplication were considered proprietary
information and were not revealed. Blades 1 and 2 (blades 7 and 8 of
ref. 9) were coated with a modification of National Bureau of Standards®
A-19 coating and were not heat-treated for fear of damaging the coat-
ings. Blade 3 was coated with Solaramic 8042/3FE and subsequently heat
treated as indicated in tables IT and TIT by the NACA after consultation
with the coating vendor as to the limitations imposed by the ceramic.
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Blades 4 and 5 were coated with another modification of NBS A-19 coating
and heat treated as Indicated in tables II avd III. All ceramic coatings
were applled to only the outside surfaces of the blade shell.

Nickel-coated blades: Nickel coatings were applied to blades 6
through 11 by the NACA using solution 1 of table I and to blades 12 _
through 15 by a commercial concern using solution 2 of table I. No dif-
ference in the coatings was noted. The inner surfaces of the blades
were nickel coated in each case. All blades were heat treated as indi-
cated 1n tables II and III prior to coating.

Nickel- and Niecrobraz-coated blades: A comblnation nickel and
Nierobraz coating was employed on blades 16 through 20. A Nicrobraz
coating was applied to the leading edge and the entire airfoil section
was subsequently nickel coated. The indicated heat treatment (table II)
was combined with the Nicrobraz coating operation.

Nicrobraz coatings: Nicrobraz was used to coat the entire airfoil
sections of blades 21, 22, and 23. Agaln, the indicated heat treatment
was combined with the coating operation.

Aluminized blades: Six aluminized blades were obtaelned for this
investigation, two were aluminlzed by the pack process and four by the
dip process. Both processes aluminized the inner heat-transfer surfaces
of the blades. The pack process was used on blades 24 and 25; the blades
were packed in sluminum oxide, aluminum powder, and an energizer for
12 hours at 1800° F. Blades 26 through 29 were aluminized by the dip
process. They were prehested in & salt flux at 1320° F for 5 minutes,
dipped in molten aluminum at 1300° F for 30 seconds, washed in molten .
salt at 1320° F for 30 seconds, sir cooled, washed, and heat trested as
indicated in tables II end III. The heet treatment permitted the desired
diffusion of the aluminum into the steel. Filllets were spplied at the
roots of blades 26 through 29 after aluminlzing to reduce stress concen-
trations in those reglons. In the process, the coatings in the adJjacent
areas were damaged slightly. -

Engines. - Several production turbojet englines were modified to
allow cooling air to be supplied to either two or four experimental tur-
bine rotor blades. The modifications were essentially those described
in reference 1. An adjustable tall-plpe nozzle was used to regulate
turbine gas temperatures. Blade cooling air was supplied from &
compressed-alr system external to the engine. Effective gas tempera-
tureg at the turbine blades were measured by chromel-alumel thermo-
couples buried in the leading edges of standard uncooled blades at a

section 2£% inches from the blade tip. No tﬁermocouples were installe@_

on cooled blades. Details of the thermocouple installation are given
in reference 1. '

2880
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PROCEDURE

For an evaluation of the effectiveness of the verious protective
coatings, two types of engine operatlon have been employed - constant-
speed and cyclic operation. In constant-speed running, the engine was
operated at meximum rated speed (11,500 rpm) with the tail-pipe nozzle
adjusted to obtain an effective gas (or uncooled blade) temperature of
1450° ¥, which corresponds to approximately a 1670° F turbine inlet gas
temperature. Cooling-air temperatures at the base of the blade were
gbout 180° F. These conditions will hereinafter be designated rated
test conditions. The coolant-flow ratio was set at the desired level
once engine speed and gas temperature were established. Conditions were
then maintained constant for the duration of the endurance run.

Cyclic tests consisted of operation at the rated test conditions
for 15 minutes and then at 1dling speed (4000 rpm) for 5 minutes with
no change in either cooling-air flow controls or tail-pipe nozzle posi-
tion. The engine was then accelerated to rated speed and the cycle
repeated. Accelerating and decelerating periods were of the order of
15 seconds.

Blades 1, 8, 9, 10, and 11, which were first reported in refer-
ence 9, were subjected to cyclic engine operation. All other blades
were subjected to steady-speed operation. Table II indicates the type
and amount of running time accumulated on each blade. K Cyclic operation
was found to be very severe on engine components and excessive amounts
of time were required for engine repair and maintenance. In order to
expedite the investigation of coatings the cyclic type of operation was
discontinued in favor of the steady-speed running. It was believed that
the steady-speed operation subjected the coated blades to a sufficient
number of rapid temperature changes during the starting and shut-down
operations to demonstrate the ability of a coating to withstand repeated
thermel shock.

For flight application, the maximum engine speed for continuous
operation is 11,000 rpm, while operation at 11,500 rpm is limited to
half-hour periods for take-off or combat. The NACA test speed was set
at 11,500 rpm. Tail-pipe temperatures in service are limited to 1292° F
except for starting and accelerating; the NACA, in maintaining a constant
uncooled blade (or effective gas) temperature of 1450° F, encountered
tail-pipe temperatures ranging from 1280° to 1350° F, depending on ambient
conditions and the condition of the equipment being used, with 1325° F
being typical of most of the operation.
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During the course of the coating investigation, the coated blades—
were often damaged by failure of uncooled blades or of other air-cocoled

blades or by some obJject which passed through the turbine. There were
instances where coated blades failed in rupture while the coating wes

in good condition. Such failures, which resulted from causes not
relaeted to the coatings, will hereinafter be referred to as mechanical
failures. In meny caeses, the damage to the éxperimental blade was con-
fined to the tip region and the major portlion of the blade could be o
salvaged and used for further -testing. While centrifugal stresses were

reduced and the vibrational cheracteristics were changed, it was felt
that, insofar as coatlng durability was concerned, the results from such

blades would not be altered appreclably.

RESULTS AND DISCUSSION

The results of endurance Investigations on several types of

corrosion-resistant coatings applied to air-cooled turbine blades of
SAE 4130 or Timken 17-22A(S) steel are reported in the ensuing section .
end are summerized in table II.

Ceremic Coatings

Five ceramic-coated blades were endurance-tested. Two coating
fallures were encountered and blade fallures from causes not connected
with theilr coetings terminated the tests on two others before any

significant amount of running could be obtained. The fifth blade o
successfully completed 100 hours of operation at the rated test con-
ditions.

Blade 1. - The coating on blade 1 was considered a failure after

7.3 hours of rated engine speed operation, and investigation of the blade _

was concluded at the end of that time. Figure 3(a) shows several views
of the blade at the conclusion of the tests and it can be seen that the
coating chipped away from the leading- and trailing-edge regions of the
blade. There 1s also an area near the root in the midchord region of
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the blade where the coating flaked off. The failure of the coating
apparently was & function of the metel temperature, as the greatest dam-
sge to the coating occurred at the leading- and trailing-edge regions
where the metal temperatures are the highest (see fig. 2). More coating
was removed from the leading edge than from the trailing edge, probably
because the high-velocity combustion gases impinge directly upon the
leading edge and thelr erosive sction 1s greatest in this area.

Blade 2. - Blade 2 was considered a faillure after about 4.7 hours
of operation. Inspection at this time indicated that the coating appear-
ently softened when heated and flowed toward the blade tip under the
influence of the high centrifugal forces. A photograph of this blede
is shown in figure 3(b). The flow lines were essentially parallel to
the blede base over the relatively cool midchord region on both the pres-
sure and suctlion surfaces. TIn the leading- and tralling-edge regions,
which operate hotter than the midchord region, the flow lines were nearly
radial and were very pronounced as shown in figure 3(b). Bare metal was
visible in the valleys between flow lines in the leading- and tralling-
edge areags. Inasmuch as the blade was not heat-treated, there was no
possiblility of damage from this source, and it must be essumed that the
coating lacked the necessary physical properties for the application in
guestion.

Blade 3. - Blade 3 was given heat treatment 5 of table III. This
heat treatment was specified and applied to the blade by the NACA after
correspondence with the coating supplier relative to the restrictions
imposed on the process by the ceramlc coating. After the blade was heat-
treated, the coating was discolored in scattered areas and masy have been
damaged. Nevertheless the blade was tested to see whether the dsmage
would progress. After 8 hours of operatlion the blade was lnspected and
the coating appeared to be in as good condition as when the test began.
Operation was continued and at 11.3 hours damage to the cooling-air
supply system resulted in the air-cooled blade overheating and frac-
turing at a section about 1/3 span from the root. The coating on the
remaining 1/3 of the blade appeared to be in the same condition as when
the test began except for slight evidence of erosion at the leading
edge. Although no definite conclusions could be made regarding the dura-
bility of this coating, 1t appeared promising.

Blades 4 and 5. - Blades 4 and 5 were both coated with the same
ceramic, a modified NBS A-19 type coating, and were given heat treat-
ment 1 (table ITT) by the coating supplier. TInspectlion of the blades after
8.3 hours of operation indicated thet both were in excellent condition.
Blade 4 failed in fatigue at the root shortly after this inspection and
the tests were continued with blade 5 only. At approximately 20 hours
operation a foreign obJect passed through the turbine and struck blade 5,
with the result that a portion of the coating along the leading edge of
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the blade was chipped off and bare metal appeared to be exposed. Opera-
tion was continued, however, and after 34.3 hours the blade was agaln
struck by a foreign object and dameged in about the same area as pre- .
viously. This damege can be seen on the leading edge of the blede in
figure 4(a). Several smaller chipped areas were observed in the costing
on the forward portion of the suction surface near the blade tip and can
also be seen in figure 4(a). Investigation of the coating was continued
until the blade was operated for 100 hours at rated test conditioms.
Figure 4(b) shows the blade upon completion of 100 hours of operation.
(The damege to the coating along the tralling edge of the blade which is
visible in the view of the pressure surface in fig. 4(b) was caused by
mishandling of the blade after completion of the tests.) Mlcroscopic
examination of & section through the damaged area at the leading edge
indicated that some ceramic still clung to the metal and apparently pro-
vided complete corrosion protection since no corrosion could be observed
under the microscope. During the investligation of blade 5 no softening
or flowing of the coating was cbserved. No_ chipping or fleking other _
than that caused by foreign particles passing through the turbine was
observed. »
of the coating after heat treating were still visible after 100 hours
of running, indilcating that the coetling had not erocded to any great
extent. After 100 hours of operation the coating was in excellent con-
dition except where it had been hit and sppeared to provide complete
protection for the blade shell even in those areas. Corrosion was
Observed on the uncoated inner surfaces of the shell and on the cooling-
air tubes to depths of 0.003 to 0.005 inch. These observations were
maede in the immediate viclnity of the leading edge.

The investigation of five ceramlc-coated turbine blades indicates
that & ceramlc coating 1s capable of providing corrosion protection to
an air-cooled blade of SAE 4130 steel for 100 hours of operation at
speeds and temperabtures equal to or more severe than those encountered
at meximum rated conditions in a present-day turbojet engine. Whether
this coating would also provide satlsfactory protection for Timken

17-22A(8) material 1s not definitely known; the coating supplier believes,””

however, that Timken 17-22A(S) can be successfully coated with perhaps
slight modification of the coating and the application procedure. The
ability of this coating to adhere and provide protection after severe -
chipping is significant and 1s a very desirsble characteristic for a
ceramic coating for turbine blade applicatiqn. The coating on blade 3
appeared to be promising, although the short endurance test given here
makes further work necessary before definite conclusions can be reachéd.

Nickel Coatings

Ten nickel-coated blades (blades 6 through 15) and five blades
having a combination of nickel and Nicrobraz coatings (blades 16 -

Slightly raised markings that became evident on the surface

|
L0y
1
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through 20) were investigated. Seven of these blades had SAE 4130 steel
shells and eight blades had shells of Timken 17-22A(S) steel.

Blades 8 through 15. - Of the ten blades that depended entirely on
nickel coating for corrosion protection, blades 8, 8, 9, 11, 12, 14,
and 15 operated for sufficient lengths of time to obtain significant
coating results. Blades 7, 10, and 13 failed mechanically and investi-
gation of the coatings on these blades was terminated after short periods
of time, as shown in table II. The last inspections of the coatings of
these three blades prior to their mechanical fallure indicated the coat-
ings were still in good condition.

Blades 6, 8, 9, 11, 12, 14, and 15 were operated at rated test con-
ditions for periods of time ranging from ebout 11.5 hours to as much as
25 hours before the coatings were considered fallures. The failures of
the nickel coatings were all simllar, that 1s, the nickel began to blis-
ter and chip away from the leadling- and trailing-edge reglons of the
blades as shown in figure 5(a). As operation of the blades was con-
tinued, corrosion of the parent metal in the leading and trailing edges
occurred and the nickel coating also began to fail in the midchord
region of the blade. The coatings generally began to fall first in the
tip region of the bhlade after about 11 to 15 hours of rated engine speed
operation. Temperature and centrifugal force are both factors in the
breakdown of the coating. Fallure usually progressed repidly along the
leading edge of the blade, where erosion also seemed to be a factor in
removal of the coating. A blade that exhibited extensive erosion and
corrosion at the leading edge is shown in figure 5(b), which is a photo-
graph of blade 6 at the completion of 44 hours at rated test conditions.
The faeilure of the coating along the trailing edge was generally less
extensive than that at the leading edge, probably because the scouring
actlion of the combustion gases 1s not so great in this region. Also,
trailing-edge temperatures are somewhat lower than those at the leading
edge. The temperature level of the blade material influences the life
of the nickel coating; failure of the coating in the cooler midchord
region was much more infrequent than at the leading and trailing edges
(see fig. 2). TFrequently, no evidence of failure was observed in the
midchord region. The lower temperature apparently ensbles the nickel
to adhere and provide the necessary corrosion resistance.

Blades 18 through 20. - Because investigation of blades 6 through
15 indicated that the nickel coating generally failed initislly in the
leading-edge region and that this failure appeared to be caused by cor-
rosion and erosion, it was thought that a corrosion-resistant material,
harder than nickel, should be applied to the leading edge of the blade.
The balance of the blade surface (except perhaps the trailing edge) might
then be adequately protected by a nickel coating. Five such blades
(blades 16 through 20) were prepared. A Nicrobraz coating was first
applied to the leading-edge region of the blades as described in the




14 : - NACA RM E53E1S8

PROCEDURE sectlion of this report. The blades were then nickel-coated, .
and in this manner the Nicrobraz formed an undercoat for the nickel .
along the leading edge. _— - -
Blades 17 and 18 failled in fatigue at the blade root after 11.4

and 23.7 hours of operation, respectively. The coatings were in good
condition at the inspections prlor to the time of the fatigue fallures.
Blade 19 was damaged beyond repalr by fragments from a falled blade L
after 25.6 hours of operatlon. The coating on this blade had shown evi-
dence of slight flaking in the midchord region near the tip, but the _
coating on the rest-of the blade was in good condition prior to the time
the blade was damaged. Blades 16 and 20 weré& operated successfully for
101.2 and 100 hourg, respectively. The coating on blade 16 was in good
condition except for scaeling of the nickel on the rear third of the suc-
tion surface. No corrosion of the blade metal wes apparent in this area.
At the end of 100 hours of operatilon on blade 20 the coating was in
excellent conditlon except for a small area on the pressure surface near
the trailing edge where the coating had begun to flake off (fig. 8). No
corrosion of the parent metal was Observed. In the leadlng-edge region
near the tip on the suction surface of blade 20 there appeared to be __
several small areds where the nickel had flaked away. This damage was ..
caused by forelgn particles passlng through the engine which struck the
blade In the leading-edge region where there was a Nicrobraz undercoat,

and, although the nickel chipped away, the Nicrobraz protected the parent ;'

metal. The adherence of the nickel to the Nicrobraz appeared to elim-
inate flaking of the nickel and enabled it to protect the blade. The
underlying Nicrobraz, while capable of providing protection, was not
called upon to do g0 except where the nickel wes chipped away by forelgn
particles striking the blade.

During the investigation of the five nickel-coated blades having
Nierobraz undercoat at the leading edges, none of the tests were termi-
nated because of coating fallure. Adherence of the nickel over the _
entire blade appeared to be better in this group of blades than in those
previously employed. Blades 16 through 20 had shells of Timken 17-22A(S)
steel; while the previous group, with the exception of blades 7 and 8, _
had shells of SAE 4130 steel (see table II). Based solely on observa-
tlon of these blades, 1t appears that the adherence of nickel, when
applied in the manner previously described, is greater to Timken 17- 22A(S)
steel. than to SAE 4130 steel.

Nicrobraz Coatings

Blades 21, 22, and 23. - Because of the success obtained in using
Nicrobraz as an undercoat for nickel, it was believed that a completely

B
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Nicrobraz-coated blade might operate successfully. Furthermore, the
ease with which a Nicrobraz coating can be applied and the fact that
its application can be combined with other brazing operations during
blade febrication made the Nicrobraz coating appear desirable. Con-
sequently, blades 21, 22, and 23 were Nicrobraz-coated.

Blade 21 successfully completed 100 hours of operation at rated
test conditions with a coolant-flow ratio of 0.048 but falled mechan-
ically after an additional 1.2 hours of operatlion at a flow ratio of
0.03. The Nicrobraz coating was in excellent condition after 100 hours
and showed no evidence of impending failure. Blades 22 and 23 were
operated for 31.5 and 5.9 hours, respectively. Both blades failed in
fatigue at the blade root. Prior to failure the coatings on both blades
were in excellent condition.

This investigation indicates that Nicrobraz coatings provide good
corrosion and erosion protection for Timken 17-22A(S) steel. It is
believed that Nicrobraz would offer similar protection to SAE 4130 steel.
Nicrobraz possesses strong alloying characteristics and may penetrate
the parent metal to some degree; its effect on the fatlgue strength of
the blade shell remains to be determined.

Aluminized Coatings

Bladés 24 and 25. - Blades 24 and 25 were aluminized by the pack
process. Blade 24 successfully completed 100 hours of operation and the
aluminized coating was in excellent condition at the completion of run-
ning. Slight erosion of the leading-edge surface was noted, but it was
not extensive and no evidence of corrosion was observed. The midchord
and trailing-edge reglons of the blade showed no evidences of erosion
or corrosion. Blade 25 failed structurally after 8 hours of operation;
the blade surface was in excellent condition until that time.

The suction surface of blade 24 was struck by fragments of a failed
blade after 50 hours of operation and a number of shallow scratches
resulted (see fig. 7(a)). The aluminized layer was sufficiently tough
to withstand the impact and no damage was sustained other than the
scratches themselves. Upon further running the scratches disappeared
and were presumebly filled in by iron-sluminum compounds from the adja-
cent surfaces. The surface of the blade after an aedditionel 50 hours of
operation showed no traces of the damage (see fig. 7(b)).

The surfaces of blades 24 and 25 were considersbly rougher after
aluminizing than they were prior. to being coated. This roughness did
not change with operating time. Thls surface roughness 1s typlcal of
blades alumlnized by the pack process.
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Before operation the color of the blade surface was deep gray.
After operation, blade 24 exhibited a reddish color along the leading
edge, over most of the suction surface, and over about 20 percent of
the pressure surface. This change in color is apparently typicel and .
is the result of the formation of complex iron-sluminum oxldes which
provide a protective, adherent refractory coating on the surface of
aluminized steels (ref. 14).

Blades 26 through 29. - Blades 26 through 28 were aluminized by
the dip process; all the blades were operated successfully for a minimum

of 100 hours at rated test conditions as shown in table IT. Blades 26~
and 27 were operated for 124.4 hours. The coatings on all the blades
were in excellent condition at the conclusion of the tests. All the _.

blades of this group were damaged during thé course of the investigation
by several mechanical fallures; in order to continue investigation of
the coatings the tips of the blades were ground off. The blades were
therefore shorter than normeal, particularly blades 26, 27, and 28, as
ghown in figure 8. The shortening of the blades resulted in lower
stresses in the blades shells, but this would not be expected to affect
the life of the coatings apprecisbly. Any possible weakenlng of the
parent metal as a result of the aluminizing treatment would, of course,
not show up so readily.

The surfaces of the blades that were aluminized by the dlp process
were only slightly rougher after aluminizing than before being coated, _
and the surfaces of this group of blades were considerably smoother than
those aluminized by the pack process. After aluminizing the color of the
blade surfaces was a deep grey. During operation the blade surfaces
developed a reddish-orange color over most of the blade. This wes sim-
1lar to the color observed on blades 24 and 25.

Figure 8(a) shows the suction surfaces of blsdes 26, 27, and 28
early in the investigatlion and of blade 29 prior to operation. Fig-
ure 8(b) shows both the pressure and suctilon surfaces of the blades at
the completion of the investigation. Comparison of the suctlon surfaces
shown in figures 8(a) and 8(b) indlcates that there was little change in
the condltlion of the coatlng on the blades,:even though the blades of _ _
figure 8(b) have sbout 100 hours more operating time than in figure 8(a).
With one exception, the entlre surface of each blade including the
leading- and trailing-edge regions, which were the first to exhibit
failures on the ceramic and nickel coaetings, was in excellent condition
at the completion of the tests. BSurface scratches and sbrasions showed

no tendency to progress and no corrosion developed in them as the investi-

gation continued. The tlp reglons of blades 26 and 27 were damaged when
struck by fragments of another blade, but the aluminized coatings con- _
tinued to protect the surrounding areas.
on blade 27, where the metal was actually torn and the bare steel was
exposed to the action of the gases.

NO corrosion was evident except

b
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The one exception to the general excellent condition of the blade
gurfaces was along the leading edge of blade 28, where several short,
fine cracks were visible to the unaided eye. The surfaces from the lead-
ing edge as far back as the first cooling-air tube were a different color
from the rest of the blade, being a muddy gray without red or orange
tinges noted elsewhere on the same blade and on the other blades of this
group, including the leading edges. Examination showed that the cooling
pagsage along the leadlng edge had been almost completely blocked by
loose scale, presumably from the external cooling-air system, which had
wedged into a restricted region at the blade root. Complete blockage
would have given a leading-edge temperature of the order of 1400° F.
Microscopic examination of sections along the leading edge and at 90° %o
the leading edge about 1.8 inches from the blade base brought out the
following facts: The Timken 17-22A(S) steel in the leading-edge region
of the blade shell had softened because of its higher tempersature; the
hardness near the leading edge was less than Rockwell C-10 as contrasted
with Rockwell C-28 in the region opposite the first cooling tube. The
coating at the leading edge showed a Rockwell C-19 hardness as compared
with a C-28 hardness opposite the first cooling-air tube. The aluminized
layer contained a series of fine cracks over the entire section. In the
cooler region near the cooling-ailr tubes, these were hairline cracks
which did not penetrate the coatings; near the leading edge they occurred
with about the same frequency but were heavier and sometimes penetrated
the aluminized layer. When the coating was penetrated, a corroded region
mushroomed out from the crack into the underlying steel. At the section
exanlned the coating was thlcker on the inside than on the exterior of
the blade shell; posslbly the greater erosive action of the exhaust
gases accounts for this effect. The SAE 1020 steel cooling-air tubes of
blade 28 were aluminized almost completely through; the aluminum pene-
trated a1l except a 0.001- to 0.0015-inch-thick region in the center of
the tube wall. '

The coatings in the root regions of this group of blades were rough
and the blades themselves appear %0 be damaged. This condition arose
when the fillets were applled at the blade roots subsequent to the aluml-
nizing operation. The affected areas did not increase in size as the
endurance operation progressed and the blade shells were protected ade-
quately. Withln the filleted area itself, however, the shell of blade 28

was demaged, presumably during the filleting process, and cracks developed

after 118 hours of operation; reducing the blade length by cutting off

damaged portions near the tip undoubtedly forestalled an early blade falil~

ure in this case.

The work with aluminized blades indicates that aluminizing is a
satisfactory method of protecting Timken 17-22A(S) turbine blades in
Present-day turbojet engines at maximum rated conditions with blade tem-
peratures up to 1200° F. Under the conditions of operation, the coating
apparently bresks down at metal temperatures between 1200° and about
1400° F. :

whe
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General Comments - a

It has been demonstrated that air-cooled turbine blades of nonstra- -
tegic steels can be successfully operated in & turbojet engine for : e
extended periods of time with reasonable cooling-air flow rates when pro-
tected by ceramic, nickel-Nicrobraz, Nicrobraz, or aluminized coatings.
It is believed, however, that more research 1ls required before any of
these protective coatings can be specifically recommended for service
use in a turbojet engilne.

NN | i
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The endurance life of a nonstrategic turbine blade depends not only
on the durability of the coating but also on the fatigue strength, creep,
and stress-rupture properties of the parent material at elevated tempera- B
tures. The effects of the various coatings on these properties are not -
entirely known at the present time. . ) ) _ o

The depth of penetration of ceramic coatings into the parent metal
is barely measurable and, it 1s believed at this time, can be neglected
insofar as any effect on the strength propertles of the blade is con- _ .
cerned. The limitations that a given ceramic coating may impose upon .
the heat treatment of a steel are an important consideratlon, however. ' -
The mechanical failure of blades 1 and 10 can be attributed to the S =
sbsence of heat treatment (see remarks of table II). From the limited . B
experience attained with the ceramic-coated blades of this investigation, *
1t appears to be desiraeble to use a coating whose firing temperature 15_“
about the same as or lower then that of the desired normelizing tempera- )
ture, so that the heat-treat and firing operations can be combined. This .
is not only convenient, but mey be necessary to avoid detrimental effects o
to the ceramic coating that may result when the heat treatment 1s a. sub- L
sequent operation or to the metal properties when the ceramic is fired _ -
after the blade 1s heat treated.

The nickel coating on blades having nickel or nickel-Nilecrobraz
coatings does not penetrate the parent metal significently and would
not be expected to influence the strength or. creep properties of the -
blade shell. =

Nicrobraz alloys readily with steels end undoubtedly affects their
stress-rupture and fatigue properties., However, such date are not avall- =
able. It is believed that the high percentage of fatigue failures on _. N
blades 16 through 23 was due to fabrication techniques rather than detri-
mental effects of the Nicrobraz on the metal of the blade shells. -

When blades are aluminized they must be heated to 1500° ¥ or higher =
for several hours in order to diffuse the aluminum properly. In the o z
case of SAE 4130 and Timken 17-22A(S) steels, extended heating at tem- oy
peratures above about 1750° F may adversely affect their strengths. _ I
Aluminized steel, of course, has a layer of lron-aluminum alloy at the i =
surface. What effect, if any, this alloy layer mey have upon the . e
gtrength of the steel, particularly in thin walls such as used in the
shells of turbine blades, is not known.

. o
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It is obvious that before any coating can be recommended for service
use its effects on the physical properties of the blade metal must be
known.

The importance of providing protection over the interior surfaces
of the blades was brought out in a number of cases during this investi-
gation., Corrosion was noted on the mild steel cooling-air tubes of
blades after three or four days exposure to the atmosphere, even vhen
those blades had not been operated in an engine. After 100 hours of

/ operation, corrosion to a depth about 0.005 inch was noted in the leading-

edge region of blade 5 on the uncoated inmner surface; in thin shells of
alr-cooled blades, corrosion to this depth will have an apprecisble
effect on the strength of the blade. In more destructive atmospheres,
such as encountered in carrier-based operations, corrosion will be more
severe and the need for protection correspondingly greater.

SUMMARY OF RESULTS

The results of en experimental investigation to determine the dura-
bility of several protective coatings applied to nonstrateglec air-cooled
turbine blades which were operated in a turbojet engine are as follows:

1. Satisfactory protection of the blades was provided by ceramic,
nickel-Nicrobraz, Nicrobraz, and aluminized coatings. Each of these
coatings indicated that it would give satisfactory corrosion and erosion
protection to the turbilne blades for 100 hours of maximum rated engine
speed operation with coolant-flow ratios in the range of 0.030 to 0.048.
However, the adherence of the nickel was erratic and unpredictable.

2. Blades aluminized by the pack and by the dip-and-diffusion pro-
cesses gave excellent protection against oxidation and corrosion. All
the aluminized blades (except one that failed mechanically) operated for
at least 100 hours. Two blades were run for 124.4 hours and were in
excellent condition when the tests were terminated.

3. One ceramic coating (a modified NBS A-19 ceramic) provided
excellent service. This coating, although seemingly chipped completely
through in certaln regions by forelgn particles striking the blade, was
sufficiently adherent to leave a thin film which gave satisfactory pro-
tectlon to the underlying metal over an extended period of operation.

4. Chemically deposited nickel coatings were found to require an
undercoating of some type at the leadling edge of the blade in order to
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prevent flaking and failure of the nickel in this region of the blade.

A Nicrobraz undercoat provided a satisfactory base for the nickel at the
leading edge. Blades having a Nilcrobraz undercoat at the leading edge
and a chemically deposited nickel coating over the entire blade surface”
gave adequate protection for 100 hours of rafed englne speed operation.
However, the nickel coatings in this investigation were erratic insofar
as adherence was cOncerned and often failed in much shorter periods.

5., Nicrobraz coatings applied to the leading edge or to the entire.
blade surface exhibited very satisfactory corrosion-resistant properties.

6. Aluminum and Nicrobraz elloy with and undoubtedly affect to some
extent the fatlgue strength and stress-to-rupture propertles of the }
metals to which they are applied. Application of the aluminum or Nilero=
braz coatings may result in overheating the parent metal prior to heat
treatment. The effects of these various factors on the strength of the
blade shell are not known at the present time, but they should be evalu-
ated before any protective costing is considered for service use. o

7. In. view of the insignificant penetration of ceramic coatings .
into the metal shell, 1t is believed that the metal properties are not __
affected appreciably. However, the firing temperature of the ceramic _.

and the heat treatment of the metal must be carefully correlated to avoid -

damage to either the ceramic or the metal.

Lewls Flight Propulsion Ieboratory "
National Advisory Committee for Aeronautics -
Cleveland, Chio, April 14, 1953 | . . ..
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TABLE I. - COMPOSITION OF ACID-NICKEL SOLUTIONS USED

FOR NICKEL COATING TURBINE BLADES®

Solution

I IT

Nickel chloride, NiCl,'6H;0, g/liter 30 --

Nickel sulfate, NiSO,:7H,0, g/liter -- 30

Sodium hypophosphite, NaH5PC,-H0, g/liter 10 10

Sodium hydroxyacetate, NaC,Hz0z, g/liter 10 --

Sodium acetate, NaCoHzOp:3Hg0, g/liter -- 10
pH 4t06 | 4to6
Rate of deposition, in./hr 0.0005 0.001

aInformation from table 3 of reference 11l.

23
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TABLE IY - SUMMARY OF FABRICATION AND OPERATING DETALLS W

Blade | Type of ooating Blads Blade Heat Time of test Cool- Conditlon of coating Remarks
material |profile |treat- ounditlons anv
fig., 1)/ment flc'l
ffahlel8re . i Tokante erneal__wa
VDA T TUFCAES [OousaUy-SLAvE [Tavs
111) hr .
by Ceramic, modi- SAE 4130 c Nooe 20 2.3 0.048 |Extensive chipping on leading and
fied NBS A-19 opnt trailing odges and suction surfanas
Do | ceramic, modi- | SAE 4130 | A None 4.7 048 |Entire coating flowed toward tip;
Tled KB3 A-19 . matal axhomad a‘h leading and trall-
ing edges

3 feranic, 3olara- Timken A 8 7 11.2 .048 |Exoellent af 8 hr 1mpootiun . Blade falled at 1/3 span as result

| mlc BOAZYSFE 17-22A(8} - . . ' of loss of copling-air supply

4 Ceramic, Ferro DAR 41%0 A 1 15.9 .48 |Exoellent at la.ut 1m;pcatinn (8.2 nr) Twisted blade, faliled in fatigue
Carp. XT-855 ' at root
(modified
NBA A-19) )

1 Ceramic, Perro SAE 4130 A 1 100.0 048 |BExsellent throughout; origlnml mark- Pressure surface bowing out and
Corp. XT-8556 . 1ngs on acoating atill evident; no pulling loose from tubes at coh=
(modiried . oarroelon &t lending edge where ¢luslon of test
NBS A-19) : dameged by debris .

1 Kickel DAE 41320 A 1 . . 44.1 .048 [Coating chipped off leading edge and | Preasure surface bowed cut and

worn of tralling edge; good ocon— pulled away from tubes
- dition elaswhere ) .
7 Wlokel Pimkran A [ 8.0 048 |Good Dumnaged by failure of another blade
17~22A(8) )
bg Nigkel - Timlcen A 6 107 . .03 |Coabing eroded away on leading and Outer 1/5 of pressures siurfice
! . ’ 17-22a(B)| . trailing sdges and corroslon sat © failed becsuse of cgrraosion, poor
. in; cormoslion evident at leading bond, and vibration
. edga nfter 76 oycles
by Nickel SAR 4130 A 2 59 .05 |Coating wearing off leading and trail- Blaxm failafl ut 145 Bpan 83 resil

! | IR I R A ] ]“‘“’F‘” PR R o SR W |

' .
. : 5l
bp! " Hickel g8 4150 | A [Hond 2 Bladn elmgateﬂ and rubbed agalnst
: N ) tall ocone
b11 Nickel SKE 4150 | A 2 46 .+ ] .05 |Comting eroded away from leading and | Blade still serviosabls
. . il tralling adges .
;blz B Nipkel SAE 4130 .B 2 . 24, O 048 |boating chipped off leading edgs at -Blade was thermoooupled for tem- '
5.0 .038]. 25 hr and a scale formad; blede was pereture distribution teats
26.3 -030 recoated; coating completely gone after 55.2 hr
. from leading edge and other local '
. ) - ) aresp at completlon of test
bzs . Nickel ‘SAE 41500 B i 5.0 LO48 Bocd - ' ! ’ ‘Frassure surfacs pnlled anay- from !
b 1.0 . 050 ’ - tubes =
P14 Uncoated for SAE 4150' B 2 21.0' .04& [incoated blade corrbded badly in ' | Portich of blada broken away from ch;
21 hr, theo . : 5.0 .G58 § ' 21 hr; subsequent’ coating blia- prespure surface at tip =
nlckel coated . 25.3 053] tered in 10 hrej ab 51.2 hr coating
! had scaled off in scme areas; lsad— §
' ' . .| ing edga was bare and had porroded
, . N ; oy o) vl . . b
: 158 . Nickel I 8 |'7 . 23.9| ._55 ‘|Coating chipped ot leading edko nealr | Damaged by failure of a mtandard . o
17.-224(8) : tip; excellent c¢imdition el=ewhers blede tbpdl
. P
ey [ B |'| E“I n W 1 1 Tl 4 IR 'j

¥ il AT R i 5T 1 i ot | s il . B?ﬂlfh.muu. C
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16 Nigkel with Timken B 7 100.0 .O4B {Leading edge good whare Nicrobrazad; Damaged by Fallure of blede 21
Nicrobraz on 17-22A(8) 1.2 .03 acaling on rear third of suction
lsading sdgs surface oh tralling edga and paar
ropt on leading edge
17 Niockel with Tuken B 7 11.4 048 |Good Patlgue fallure at blade root
Nicrobraz on 17-224(83)
leading sdge )
18 Nickel with Timken
Nicrobras on 17-224(8) B ki as5.7 +048 (Good except for nlckel mcaling off Fatigue failurs at hlade root
leading edga lasding edgs near root
139 Hickel with T1mlcen
Nicrobraz on 17-22a(8) B 7 £4.1 043 |Leadlng edge very good; slight Pamaged by fallure aof hlade 22
laading edga 1.6 .05 flaking &t midshord pear tip on
both surfasea
20 Hiokel with Timken B T 100.0 048 |Vary good; alight flalding whare Tents concluded upon reaching
Nicrobrax on 17-22A(3) leadipg edge was hit and on 100 hr
leading edge tralling edge
el Nierobraz Hlmicen B 7 100.0 048 |Excellent at all stagea of cperation Fatigue fallure ay blade root
17~-224(E) 1.2 W03
22 Nicrobraz Timkan B 7 30.0 043 |Excellent Fatigua failure at blada root
17-~22A(B) 1.5 .08
25 Nisrobrapg ™mken B 7 [ 719:] 048 |Excellent Fatigna faillure at blede root
17-22A(E)
24 zod SAE 4130 A 1 100.0 048 |Very good except where hit by dabris Teats conoluded upon reashing
(pack process} 100 hr
25 AMumninized SAR 4130 A 1 B.,0 048 |Very good Shell pulled aut of bema
(paock proocess)
28 Aluminized Tmken
{&ip prosess) 17-224(5) B [ igd.4 .05 [Excelient axnapt for damage near Tip damaged by standard blade
root remulting from epplication fallurs at 5.7 hr; blada out
of f11let beak to 35.92 in.
27 Aluminized Timken B [ 124.4 .05 |Exoellent axaapt far damage neap Tip damaged by mtandard hlade
{dip process) 17-224(3) root ramlting from appllication fallure at 24 hr; hlade out
af f1llet and for tip damage baock to 3,36 in,
28 Aluminized Tiaken B 4 118.7 .05 . [Exasllant exnept for damsge near Tp demaged by ptandard blade
(daip procass) 17-224(3) root resulting fram epplicatdon failura at 17.2 hr; blade cut
of fillet baak to 2.856 in.; orasks at
base after 11B.7 hr
29 Aluminized Timren B 4 100.8 .05 .- |Bxpallent exospt where hit by debris Rlade mtratched and rubbad
{aip process) 17-p2a{8) and whare ground away at tip pgainat tall ocone after 1 hrj
ent bask to 5.2 in.

:lcya:lo oonsisted of 16 minutas at rated teat
“Previously reported in reference 9.

conditions followed by B mimutes at 1dling conditiona.

W

BTHESH WY VOVN

=t




26

—— o g

TABLE IIT. - HEAT TREATMENTS APPLIED TO AIR-COOLED TURBINE BLADES

[A11 normelizing was done in an inert atmosphere.]

Heat-treatment
number

Heat-treatment procedure

SAE 4130 steel blades

Normalize at 1600° F for 30 Mminutes; air cool to room
temperature. Draw at 100Q° F for 15 minutes; ailr
cool to room temperature. oo ' o =

Hedt in 1800° F salt bath for 15 minutes followed by 7
isothermal quench in 1000° F salt bath; hold for
15 minutes. Air cool to room temperature.

Hedt in 2000° F salt bath for 15 minutes followed by
isothermal quench in 1000°.F salt bath; hold for
15 minutes. Air cool to room temperature.

Timken 17-22A(S) steel blades =

Normalize at 1725° F for 30 Winutes; air cool to room _
temperature. Draw at 1225° F for 6 hours; air cool
to room temperature.

Normalize at 1750° F for 30 minutes, cool to room
temperature in nltrogen blast. Draw at 1225° F for
4 hours; cool in niltrogen blast. ) _

Heat in 1800° F salt bath for 15 minutes followed by
isothermal quench in 1200° F salt bath; hold for
15 minutes. Air cool to room temperature.

Normelize at 2075° F for 15 Tinutes followed by cooling
in hydrogen atmosphere at rate equivalent to air cool.
Draw at 1225° F for 4 hours followed by air cool to

room temperature.

2880
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CX-4 back

-2918
(c) Cest-shell blade with profile C. C-29180

Figure 1. - Cross sections of experimental blades.
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NACA RM ES3ZELS

1600 r T —
Proflle
—_———— A
B __’__J
1400
Effective gas
temperature
& 1200 N
- /)
é \
@ \
: \ /7
) \ /-
8 1000 A 2 )
B4 ///; \ \\\\\
W N ,/
N 4
~ Py
800
Pressure surface Suction surface
600 |
0 20 40 80 80 100 80 80 40 20 0
Leading Tralling Leading
edge edge edge

Blade chord, percent

(a) Coolent-flow ratio, 0.03.

Figure 2. - Peripheral temperature distribution at
inches from tip for blades of profiles A end B.
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NACA RM E53ELS “

160 T ]
Profile
—_——— A
B
1400 Effectlve gas
temperature
& 1200
q"\
2N ¥
@ Y/
EN\ /
g
1000 o f
i \ ,// S !/
7 \ /
/ N\ ,
// \\ /
<__W N Y
800 AR ¢
Pressure surface Suction surface
NACA
600
0 20 40 60 80 100 80 60 40 20 0
Leading Trallling Leading
edge edge edge

Blade chord, percent
(b) Coolent-flow ratio, 0.05.

Filgure 2. - Concluded. Peripheral temperature dlstribution at

sectlon 2%3 inches from tip for blades of profiles A and B.



(a) Bleds 1 after 7.3 hours (20

Figore 3.
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ratlo of 0.048. Complete breakﬂuwn of coating along
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NACA RM ES3El8

e b Jh {

- S — AR~
(b) Blade 2 after 4.8 hours at rate
flow ratlo of 0.048. Cocating sof

Figure 3. -~ Concluded.

F
£ C-20184

d test conditioms with coolant-
tened and flowed toward tip.

Typlcal ceramlc-coating fallures.



Daraged areas dus to foreign partlcles

JSuction surface

vt

U=3L30d

(a) Blade 5 after 34.3 hours at rated test condltioms with coolant-Plow ratio of 0.048. Coating In excellent condiiian
except where damaged by foreign objects striking blade.

Figure 4, - Ceramic-coated blads 5.
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N CX~5 oegz

N

2
5
2
4
o

mighandl ing

after termin-
ation of teats

Previcualy damaged
areas shown in fig,

(b) Blade 5 after 100 hours at rated test conditions with coolant-flow ratlo of 0,048. Coating in exoellent conditilon
oexcept where hit by forelgn oblecta.

Figure 4, - Concluded, Ceramlc-coaitsd blads 5.
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NACA RM E53E18

Corroded areas

g

{ O INCHES |
(&) Blade 12 after 55.3 hours at rated test conditions wlth coolant~flow ratlo of

0.03 to 0.048. Coating completely ercded awsy at Ieading edge and blistered and
flaked In scattered areas over entire hlade. - T : ot T

Filgure 5. - Typlcal nlckel-coating fallures.
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CX-5 back

NACA RM ES3E1S8

Corroded
area

W

C-32342

(b) Blade 6 after 44 hours at rated test conditions with coolant-flow ratio of

0.048. Coating chippe

d and eroded on leading sdge and eroded along

edge. Leading edge corroded near tip.

Figure 5. - C

oncluded. Typlcal nickel-coating fallures.

trailing
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fram failure of snother bisde TRRT .
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_ SRR
Nickel comting.
socalad off |

=
.‘ Suction aurface Fressurs surface %
o C~32343 >
. - 1 e E
Figure 6, - Nlckel-coated blade 20 with Nicrobraz along lsading edge. Blade after 100 hours at mated test conditilons -
with coolant-flow ratio of 0.048. Ieading odge and midchord reglcn in excellent condition. §
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bec E e B SR U R i B
'1[ ﬂ Demage rdue’ . 50, fore|13n perbicles|| |!
i frcm :E'a.ilm‘a of a.n:o-l:.her blaﬂe i,

Suction surface BEUTe BUrface C-32544

(a) Blade after 50 hours at rated test comdltiops with coolant-flow ratio af 0.048. Blade surfaces in eXcellent
condition except where hit by forsign partlcles.

Figure 7. - Aluminized blade 24.
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{b) Blade after 100 hours at rated test conditions with coolant-flow rmatio of 0.048. Surfaces in exceilent ocondition.
Proviously demaged aress shown on figure 7(a) indistinguiehabls from adjoining aurfaces.

¥igire 7. - Conclided. Almni
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ue to forelgn particles!
ure of a.no-l:har blade

ﬁ ' i“."! Suctlon surface .

{a) Blodes during sarly steges of endurence rumning with coclamt-flow ratic of 0.03.
on blade 28, 18.1 hours; on blade 29, no time. Surfaces in exoellent condition.

Figure B. - Aluminized blades 26, 27, 28, and 29.

Time on blades 26 and 27, 23,8 hours;
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" .iwaB struck by foreign cbjJect| .
E‘Eﬁﬂ!

Pregsurs suriace

-(-1_)) Blades at conclusion of endurance ruming with a coolant-flow ratio of 0.03. Tim on blades 26 and 27, 124.4 hours;

on blade 28, 118,7 hours; on blade 29, 100.6 hours. Surfaces in excellent conditlon.
. 1
Figure 8. - Conolwded. Aluminized bladea 26, 27, 28, and 29.
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